Abstract Southern flounder Paralichthys lethostigma populations have been declining in Texas during the past 25 years. Despite their economic importance, little is known about their juvenile habitat requirements. We examined habitat use patterns of newly settled southern flounder in three zones at varying distances from the Aransas Pass inlet in Aransas-Copano Bay by measuring densities using a beam trawl in replicate estuarine habitat types in each zone. Highest abundance occurred near the inlet in vegetated sandy areas and was lowest in nonvegetated muddy bottom in regions furthest from the inlet. We also examined a 25-year fisheries data set from Texas Parks and Wildlife Department to evaluate long-term spatiotemporal recruitment patterns in Aransas-Copano Bay. These data showed generally low recruitment during the past 25 years with highest abundance near the inlets. Our results support the importance of vegetated habitat types, especially those near tidal passes, and suggest a longterm decline in recruitment densities of southern flounder.
Introduction
Shallow estuaries are productive marine ecosystems stemming from the abundance of habitat types such as seagrass beds, salt marshes, and nonvegetated bottom (Carr and Adams 1973; Weinstein 1979; Rozas and Minello 1998) . A variety of nekton species use these shallow estuarine areas as "nurseries," so called because these areas are often associated with high abundances, growth, and survival for young fish (Heck and Thoman 1984; Kneib 1984; Baltz et al. 1993; Rozas and Minello 1998; Beck et al. 2001; Stunz et al. 2002b) . Variation in nekton density among these estuarine habitats is influenced by such factors as habitat complexity, food supply, predation, and habitat selection (Heck and Orth 1980; Baltz et al. 1993; Levin and Hay 1996; Rooker et al. 1998) . Evaluating density patterns of fishes in these ecosystems is important for the conservation and proper management of fish stocks. In addition, given the decline of available habitat in many estuaries, a comparative evaluation of fish use of various habitat types is needed (Short and Wyllie-Echeverria 1996; Sheridan et al. 1998) .
Information on specific habitat-related densities is necessary for evaluating essential fish habitat (Beck et al. 2001; Rose et al. 2001) , and these patterns can serve as indicators of habitat value (Weinstein 1979; Doherty 1982; Baltz et al. 1993; Rozas and Minello 1998; Minello 1999) . Specific biotic and abiotic factors can contribute to differential abundances among habitat types in shallow estuaries. For example, the proximity to open-water affects habitat use in intertidal marsh habitats (Rozas and Odum 1988; Minello et al. 1994; Peterson and Turner 1994) , and for some species, differences in sediment composition can influence fish distributions (Keefe and Able 1994; Moles and Norcross 1995) . Therefore, habitats exhibiting suitable biotic and abiotic characteristics should support higher nekton densities during particular life stages (Zimmerman et al. 1990) .
Southern flounder Paralichthys lethostigma support an important commercial and recreational fishery throughout the Gulf of Mexico (GSMFC 2000) . Texas Parks and Wildlife Department's (TPWD) fishery-independent monitoring program has shown a steady statewide decline in southern flounder populations during the last 25 years (TPWD 2003) . The Gulf States Marine Fisheries Commission (GSMFC 2000) has also expressed concern regarding these populations in the Gulf states. Overfishing, bycatch, and declines in nursery habitat quality and quantity are plausible reasons for the decline. Moreover, limited data on specific habitat use, spatial distribution, and especially data on essential nursery habitat requirements for juveniles makes stock assessment difficult.
Despite the economic importance of the southern flounder fishery, only a few studies have evaluated habitat requirements for young juveniles, and most studies have focused on temporal recruitment patterns and distribution based on abiotic parameters. Stokes (1977) found that immigration of juveniles into Aransas Bay, Texas began as temperatures increased to approximately 13.8°C and peaked when temperatures ranged from 16.0°C to 16.2°C. He found that January and February were periods of peak recruitment with highest densities of juveniles occurring in Redfish Bay, a primary bay near the major tidal inlet, compared to more remote areas of Aransas Bay (i.e., Copano Bay and St. Charles Bay). King (1971) also found similar temporal recruitment patterns associated with Cedar Bayou, with a greater abundance of larvae and juveniles from January through April. In North Carolina, early juvenile paralichthid flounder preferred low salinity (2-11 ‰) areas (Powell and Schwartz 1977; Walsh et al. 1999; Burke et al. 1991 ) and migrated to higher saline areas near inlets as they matured. Juvenile recruitment in Barataria Bay, Louisiana also appeared to be dependent on factors related to salinity (Allen and Baltz 1997) , suggesting selection for shallow waters with low salinities and high dissolved oxygen levels. Higher abundances of flounder also appear to be associated with muddy bottom substrates composed primarily of silt and clay sediments (Powell and Schwartz 1977; Stokes 1977; Burke et al. 1991) . Clearly, a more detailed evaluation is needed to determine the habitat use patterns of young juvenile stages for this flatfish. Thus, the primary goal of this study was to identify potential nursery habitat and examine spatial distribution patterns for juveniles in Aransas-Copano Bay, Texas.
Methods

Study Site
The study was conducted in the Aransas-Copano Bay system on the Texas Gulf coast (Fig. 1) . Other minor and secondary bays in the system include Mission and St. Charles Bays. Saltwater exchange occurs via the Aransas Pass tidal inlet and Cedar Bayou, a small natural tidal inlet (USEPA 1999) . The bay system is shallow with a mean depth of 3.0 m. Bay margins slope gently into the deeper central bay and due to a small tidal range, intertidal flats are limited to a 10-to 20-m margin around the shoreline. The predominant habitat types are nonvegetated bottom, seagrass beds (primarily Halodule wrightii) and intertidal marshes of Spartina alterniflora. Sediment composition along the bay margins consists primarily of sand with small amounts of silt and clay (Britton and Morton 1989) .
Large-Scale Patterns of Habitat Use
Large-scale spatial patterns of habitat use by newly settled southern flounder were examined in Aransas-Copano Bay. Sampling was conducted over a 2-year period during January and March 2004 (two sampling events) and January-March 2005 (three sampling events). The bay system was divided into three zones increasing in distance from Aransas Pass and following a decreasing salinity gradient (Fig. 1) . Within each zone, triplicate samples were collected in three separate replicated areas of seagrass (Halodule wrightii), marsh edge (Spartina alterniflora; defined as the ecotonal zone between open-water and emergent vegetation, Baltz et al. 1993; Stunz et al. 2002a) , and nonvegetated bottom (open-water). A total of 81 samples (27 samples from each zone) were collected at each sampling event totaling 405 samples over 2 years.
Samples were collected using a beam trawl that consisted of a metal frame with a 1-m (w)×0.22-m (h) opening fitted with 3-mm conical-shaped mesh net that was approximately 2 m in length. Nonvegetated bottom was sampled by towing the beam trawl by boat for 100 m at 7.4 km/h covering 100 m 2 of bottom as determined by a global positioning system. For seagrass beds, the beam trawl was pulled 20 m in a random location in the bed covering 20 m 2 . At the marsh edge, the beam trawl was pulled next to but no more than 1 m from the emergent vegetation and covered 20 m 2 . Southern flounder settle from their planktonic phase to the demersal habitat types at approximately 8-12 mm standard length (SL). Thus, for this study, we defined newly settled as those fish that were 8-40 mm SL (50 mm TL; TPWD data set). All flatfish were measured to the nearest 0.1 mm SL.
Water quality parameters, salinity (‰), temperature (°C), dissolved oxygen (mg/L) and depth (m), were taken at each site using a YSI 6-series datasonde. Samples were roughsorted in the field to remove excess seagrass and algae, fixed in 10% formalin and were later sorted in the laboratory. Sediment cores were taken from all sites (technique modified from Folk 1980) to examine sediment grain size.
Statistical Analyses
Large-scale habitat use data were analyzed with analysis of variance (ANOVA, α=0.05) using the general linear model procedure in SAS 9.1. We used a factorial design with two main fixed treatment effects, zone (distance from inlet, three levels), and habitat type (marsh edge, seagrass, and nonvegetated bottom). The study was conducted over a 2-year period, and the sampling design blocked year to control for interannual variability. The distribution of the residuals was analyzed using the UNIVARIATE procedure, and data were transformed (log 10 (x+1)) to reduce hetero- Fig. 1 Map of the AransasCopano Bay system on the Texas coast showing the three zones sampled. In each zone, triplicate sled tows were made in three areas of marsh edge (filled squares), nonvegetated bottom (filled circles), and seagrass (filled triangles) scedasticity. Mean differences in size among zones and habitat types were tested using Tukey's HSD (α=0.05). With density patterns, a significant habitat type-zone interaction was detected in the ANOVA model; therefore, we used a one-way main effects model using each zone × habitat type × year treatment combination (n=18) as levels in the main treatment with linear contrasts (α=0.01).
A two-factor ANOVA with year as a blocking variable was used to analyze salinity data. Mean temperature and dissolved oxygen levels were calculated for zones and habitat types for both years. A multivariate analysis (PRIMER v.6; Clarke and Gorley 2006) was used to test for significant (α=0.05) differences in sediment composition among habitat types. Because percentage data are not normally distributed, values were arc-sin square roottransformed prior to analysis. A one-way analysis of similarities (ANOSIM, Clarke and Warwick 2001) was used to test for significance of sediment composition among habitats types, which were pooled among all the zones.
Texas Parks and Wildlife Long-term Data Analysis
Distribution maps for juvenile southern flounder were created from a 25-year Texas Parks and Wildlife bag seine data set from the Aransas-Copano Bay using Environmental Systems Research Institute, Arc GIS 9.1. Samples were collected by TPWD personnel with an 18.3-m bag seine (1.8 m deep) with a 1.3-cm stretched nylon multifilament mesh in the central bag and a 1.9-cm stretched mesh in the remaining net (Martinez-Andrade et al. 2005) . Only southern flounder ≤50 mm TL collected from the months of December through April (1977 April ( -2004 in AransasCopano Bay, Texas, were used to calculate total catch for all years combined. We calculated sampling intensity and catch-per-unit-effort for the months of December through April (1977 April ( -2004 and geographically referenced all data. Distributions in the TPWD data set were compared to the results from our beam trawl field collections.
Results
Large-Scale Patterns of Habitat Use
We captured a total of 169 juvenile southern flounder during this 2-year study. There was a significant interaction between zones and habitat types (Table 1A) ; therefore, a one-way main effects ANOVA using each zone × habitat type × year combination (18 levels) was conducted (Table 1B) . A priori linear contrasts showed that mean densities were significantly higher in zones 1 and 2 than in zone 3 (Table 1B ; Fig. 2A ). Newly settled flounder showed a strong selection for vegetated habitats (either marsh edge or seagrass) over nonvegetated bottom, and this pattern was consistent across zones. Moreover, densities between marsh edge and seagrass were not significantly different (Table 1B ; Fig. 2B ).
There was a significant difference in mean size of juvenile flounder among zones and habitat types (Table 1C) . However, there was not a significant interaction in mean size between zones and habitat types (Table 1C) . Mean juvenile length varied among zones, with the size (±SE) in zone 2 (16.2±0.81 mm) and zone 3 (17.3± 1.83 mm) significantly larger than (12.7±0.54) in zone 1 (Fig. 3A) . Additionally, the mean size was significantly different among all three habitat types (Fig. 3B) . The mean size was highest in marsh edge (17.2±0.76 mm), followed by seagrass (12.6±0.5 mm) and smallest in non-vegetated bottom (10.0±0.32 mm; Fig. 3B ).
Environmental Parameters
Mean salinities within zones for January and March 2004 and January-March 2005 were consistent with a decreasing salinity gradient integrated into the sampling design. 
Sediment Grain Size Analysis
Sediment composition varied significantly between habitat types (ANOSIM, R=0.151, P=0.024). Nonvegetated bottom was significantly different from both marsh edge (ANOSIM, P=0.021) and seagrass (P=0.025), and marsh edge and seagrass were similar (P=0.802). Nonvegetated bottom had a higher percent composition of silt and clay (35.6% and 20.6%, respectively) than both marsh edge (9.2% and 4.4%, respectively) and seagrass (4.6% and 3.0%, respectively; Fig. 4 ).
Texas Parks and Wildlife Long-Term Data Analysis
The TPWD bag seine program provided thorough coverage of most areas along the shorelines over the 25-year period (Fig. 5A) , and newly settled southern flounder showed clear spatial distribution patterns. Catch-per-unit-effort (catch per hectare) of newly settled fish was highest in areas near the tidal inlets (ca. within 12 km of Aransas Pass Inlet and Cedar Bayou), but during the 25-year period, there was consistently low overall densities (Fig. 5B ). These spatial patterns are similar to our beam trawl field surveys, where we observed generally low abundance of flounder with the highest densities in regions near tidal inlets in seagrasses and marsh edge habitat types.
Discussion
Spatial distribution of newly settled juvenile southern flounder was related to distance from the tidal pass and habitat type. Highest densities were found in more saline vegetated habitats near the pass, within the primary bay. Lowest densities were observed in less saline areas farthest from the pass and were associated with nonvegetated bottom. Stokes (1977) reported similar patterns in other Texas estuaries, where southern flounder immigrated and settled into areas within the primary bay near the pass, as opposed to more remote areas farther from the tidal inlet. Flounder studies in North Carolina and Louisiana reported the opposite, with higher abundance at lower salinities in upper-bay regions (Burke et al. 1991; Allen and Baltz 1997) for several paralichthid flounder species, suggesting these patterns were due to fewer predators at these sites (Rozas and Hackney 1984) . However, results from our study suggest that areas nearest the tidal inlet are the most important settlement sites for newly recruiting flounder. Densities of newly settled juvenile southern flounder were also influenced by habitat type. Seagrass beds and marsh edge supported significantly higher densities compared to nonvegetated bottom, suggesting vegetated habitats may be functioning as important nursery areas for these newly settled fish. This pattern was consistent in all zones with the highest densities in either marsh edge or seagrass. High numbers of southern flounder in vegetated habitats were also reported in Aransas Bay by Stokes (1977) . These areas, such as seagrass beds and marshes, are known to support higher densities of several fishes compared to nonvegetated habitats (Bell et al. 1988; Boehlert and Mundy 1988; Rozas and Minello 1997; Stunz et al. 2002a; Heck and Orth 2003) . They provide complex structure that facilitates avoidance of predators while supplying an abundance of accessible prey, in turn, contributing to increased survival and growth rates of fishes (Rozas and Odum 1988; Minello and Zimmerman 1992; Sogard 1992; Rooker et al. 1998; Stunz et al. 2002b) .
The mean size of southern flounder varied among zones. We collected smaller fish in zones closest to the inlet, and size became progressively larger with increasing distance from the inlet, suggesting variable growth rates among zones and/or migration toward the headwaters of the estuary after settlement. Smaller mean size in areas near the pass may be attributed to newer, smaller recruits migrating into the estuaries from offshore spawning sites (King 1971; Brown et al. 2004) , while older recruits are moving and growing as they migrate farther and disperse throughout the estuary. Alternatively, mean size could be related to differences in mean salinity among zones. Other flatfishes, such as winter flounder (Psuedopleuronectes americanus), have faster growth in low salinities (Manderson et al. 2002) . Such low salinity areas may provide refuge from stenohaline marine predators (Rozas and Hackney 1984) increasing survival and perhaps growth and contributing to an overall higher mean size of flounder in these areas. Based on density patterns observed, our results suggest the size distributional patterns are the primary result of migration as opposed to differential growth.
Mean size of southern flounder was highest in vegetated habitats. Size differences between vegetated and nonvegetated sites may be an indication of differential growth and/or movement between habitat types. Vegetated habitats are structurally complex providing abundant prey and refuge from predators (Rozas and Odum 1988; Sogard 1992; Kneib 1993; Rooker et al. 1998 ). The quality and quantity of complex habitats may lead to faster growth and lower mortality (subsequently better growth and survival) and are important to successful recruitment into adult populations (Houde 1987; Sogard 1992; Kneib 1993; Gibson 1994; Levin 1994) . Our results also showed higher mean size in marsh edge compared to seagrass and nonvegetated bottom. These size differences may be attributed to marsh and seagrass having a higher prey abundance (Teal 1962; Boesch and Turner 1984; Rozas and LaSalle 1990; Minello and Zimmerman 1992) contributing to faster growth rates. Moreover, Walsh et al. (1999) also suggested that the characteristic flat body shape and benthic lifestyle of flatfish makes it difficult to maneuver through seagrass beds, and this may limit foraging ability. Because we did not examine growth as an indicator of quality habitat, further research is needed to examine possible differences in growth rates among shallow estuarine habitat types.
Sediment composition was also a factor affecting the distribution of southern flounder. The differences in fish density reflected the difference in sediments between vegetated and nonvegetated habitats. Sediments in seagrass and marsh edge were primarily composed of sand with only smaller amounts of silt and clay, while nonvegetated habitats exhibited a muddy substrate (silt/clay composition with small amounts of sand). The sediment composition patterns observed among habitats were consistent with the substrate composition reported previously in Texas bays (Britton and Morton 1989) . In our study, we found the highest density of juveniles on sand, which was contrary to findings from other studies in Texas, North Carolina, and Louisiana. Those studies reported southern flounder predominately settled on muddy substrates (silt/clay) (Powell and Schwartz 1977; Burke et al. 1991; Burke et al. 1998) , which may provide more suitable substrate for flatfish to easily bury, camouflage, and protect their flat bodies from predators, as opposed to sandy bottoms (Tanada 1990; Moles and Norcross 1995; Nasir and Poxton 2001) . It is possible the positive effects of vegetated habitat types, such as protection from predation or greater food availability, were more important than the potential negative effects of settling on less coarse sediments. More research is needed to examine the interactions among bottom types and sediment characteristics, prey abundance, and predation risk in determining flounder distribution and abundance.
In addition to our specific habitat use characterizations, we used a long-term monitoring data set provided by Texas Parks and Wildlife Department to examine distribution and abundance patterns of southern flounder over a large spatial scale independent of habitat type. These spatial patterns observed were similar to our beam trawl field collection study with highest catch-per-unit effort (catch per hectare) of newly settled flounder in areas near the tidal inlets (within~12 km of Aransas Pass Inlet and Cedar Bayou). These data also suggest relatively low densities of newly settled juveniles over the past three decades. The temporal coverage of the data set includes periods of both high and low adult abundance, while recruiting densities remained consistently low. Thus, the observed low recruitment densities data may be useful in explaining why the recovery of this species has been problematic even with stricter harvest regulations. Moreover, results from our study show that by combining specific habitat use data with monitoring programs, short-and long-term evaluations are possible to aid in identifying and understanding fish habitat use patterns.
In summary, seagrass and marsh edge habitat types with sandy sediments, especially near tidal inlets, support the greatest densities of newly settled southern flounder in Aransas-Copano Bay and may be important "nurseries." This information will be important for managers to evaluate the relative value of certain areas as essential fish habitat for this species as well as evaluating the causes for the fishery decline. Additionally, more research is needed to evaluate the link between the patterns observed and other factors affecting recruitment in Texas estuaries. By examining the functional relationships between habitat use and fish productivity in terms of survival and growth, scientists can further examine factors influencing the abundance of southern flounder populations.
